In a 2001 report titled Research at DOE: Was It Worth It?, a National Research Council (NRC) committee defined a set of simplifying rules to estimate the net economic benefits from technologies supported by the Department of Energy (DOE). We evaluate the efficacy of the NRC rules compared to published literature on acceleration of technology introduction into markets, technology diffusion, and infrastructure change. We also offer considerations for revisions of the rules that call for the use of technology and sector-specific data, advanced forecasting techniques, and sensitivity analysis to test the robustness of the methodology.
Introduction
Public-sector investments are made to generate public benefits such as safety, security, and protection of natural resources. Measuring the benefits of public-funded research and development (R&D) has garnered considerable attention from economists, program managers, and policy makers. While there is extensive evidence in the literature stating that publicly funded R&D leads to considerable economic benefits, there continues to be little agreement on the methodologies for assessing the benefits.
1,2 Economic methods include macroeconomic production functions, investment analysis, and consumer and producer surplus techniques. Output methods include bibliometric, patent count, converging partial indicators, and science indicators approaches. 3 Methods for assessing other benefits-e.g., the benefits associated with providing options in the event of anticipated crises-are only now receiving initial attention. 4 More recently, estimates of the economic rates of return ranging from 20%-67% to publicly funded R&D have been published for specific projects. 5 These studies employed traditional economic methodologies such as production functions, investment analysis, and consumer and producer surplus techniques. Investment-analysis measures include net present value (NPV) or return on investment (ROI). These traditional corporate measures, while widely used for measuring public-sector benefits, are strongly affected by the discount rate and time-of-study assumptions. A significant body of literature addresses the estimation of appropriate discount rates for publicly funded R&D, but has little consensus on rates for the measurement of broad societal benefits such as security and protection of natural resources. 6 However, there is general consensus that policy makers should be more patient than private citizens or corporations.
The issue of appropriate time periods for evaluation of public R&D investments is important for accountability and in estimating needed future investments and research agendas. As such, time frames for conducting economic analysis are beginning to receive attention. For example, the time frame for adoption of new fundamental technology in a specific sector may be long relative to products that represent an incremental advance or improvement on existing technologies or products, thus requiring different time periods for assessment of economic benefits. 7 3 problem. The significant time required for diffusion and impact of major elements of an industrial technology…must be traded off against the perishable nature of impact data." Further, Tassey states "the ideal time to conduct an economic impact study seems to be about three to ten years after significant marketplace impact has commenced." More recently, the NRC defined a set of time-frame rules that they utilized in estimating the net economic benefits of publicly funded R&D, suggesting that conservative estimates would be obtained by employing simplified rules.
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NRC Framework for Evaluating Costs and Benefits of Public-Sector Research
Public and private entities use predictably different standards for measures of success. For a private-sector firm, common metrics for measuring the impact of investments include product sales, cost of production, and protection of market share. R&D programs are measured against their ability to expand or refine that market or to find new market niches that generate investor interest and company commitment of competitive capital resources. In contrast, the public sector-responsible for anticipating and reacting to national needs-increases public welfare by investing in technologies, intellectual capital, or new techniques of manufacturing. Because the benefits of public investment may span multiple sectors, accurately measuring the net economic benefit may call for the use of a variety of evaluation tools. 1-4, 6, 10 As pointed out by Tassey,   6 selection of specific metrics for public-sector projects depends on several factors, including the type of R&D targeted by the project being studied and the objectives of the broader research program of which the project is a part (which may include industry structure and growth objectives). Specifically, metric selection should be determined by the following criteria: (i) simple and computable, (ii) persuasive, (iii) consistent and complementary, (iv) technology and industry independent, and (v) usefulness of feedback.
In its 2001 study, the NRC established an evaluation framework for evaluating public-sector research. 2 The matrix below, which summarizes the framework, was designed to capture (1) benefits that the private economy cannot reap from DOE research and (2) realized benefits in cases when a technology either does not enter the marketplace or does not enter to a significant degree. We directly extract language from the NRC study to avoid any possible misinterpretation.
Realized Benefits and Costs
Options Benefits and Costs
Knowledge Benefits and Costs
Economic benefits and costs
Environmental benefits and costs
Security benefits and costs
The rationale and methodologies for applying the framework, as stated by the NRC, are: Based on these stated objectives, the committee adopted the three generic classes of benefits (and related costs) for the energy R&D programs: "economic," "environmental," and "security" benefits. The entry in each cell of the matrix is a measure of the economic, environmental, or security net benefit further characterized according to the column classification schemes, discussed below. Economic costs, or undesirable consequences, are quantified as negative components of net benefits, and economic benefits, or desirable consequences, as positive components. Ideally, the entries in the cells would be quantitative measures of each category of net benefits; in some cases, however, only qualitative descriptors are possible.
We focus on the economic-benefits evaluation. Specifically, the NRC committee has adopted a set of assumptions for evaluating net realized economic benefits. According to the report, the methodology is as stated below:
The estimate of economic benefits resulting from an R&D initiative is intended to measure the net economic gain captured by the economy. The impact of a new technology is measured by comparing it with the next best alternative that was available when the technology was introduced or that would have been available absent the DOE efforts. Benefits are intended to be net of all economic costs of achieving the benefits, not just the cost to the direct participants in the R&D initiative. Benefits and costs are to be calculated on the basis of the life cycle of investments. Dollar amounts are all expressed in constant 1999 dollars. The committee did not discount benefits, costs, or governmental expenditures but added together benefits from different years, adjusted only for inflation.
Neither macroeconomic stimulation of the national economy or the creation of jobs is to be considered a benefit of an R&D initiative. In today's national economic circumstances, such impacts are more likely to be transfers rather than net increases at the national level. In any case, the investment of similar amounts of funds elsewhere in the economy would also have impacts. To attribute net macroeconomic benefits to a particular R&D initiative, therefore, would be highly speculative and should not be done.
Unintended improvements in economic activities that are unrelated to the objectives of the R&D initiative usually should not be counted as benefits in evaluating the success of the R&D. Such serendipitous results may offset the costs to the public of the initiative, but they are a random consequence of investment. Ancillary benefits might have resulted from investing the funds elsewhere. Judgment must be applied in specific cases to determine if the results are relevant to the objectives of the initiative.
Further, the NRC committee stated their approach to calculating realized economic benefits as 11 :
In computing realized economic benefits, the net lifecycle effects of a completed technology are considered. However, the decreases in damages associated with reduced releases of materials as a result of the new installations may last for much longer times. Benefits are included for the entire time of this decreased damage.
Realized economic benefits should include the results of the life-cycle operation of all capital stock utilizing the technology that has been installed through the year 2000 and that is projected to be installed through 2005 (the 2005 rule). A new technology may well be adopted for new installations beyond a 5-year horizon, but for technologies that provide significant economic benefits that can be captured by private sector investments, it is reasonable to assume that at some point a comparable improvement would have been introduced in the absence of the DOE R&D initiative. Adopting a 5-year limit (the 5-year rule) on future installations but allowing the full useful life of the installations to be considered provides a reasonable but conservative estimate of the contribution of the technology without introducing speculative projections of its longer-range impact. The committee's calculations also assume that the DOE R&D or demonstration program advanced the introduction of new technology into the market by 5 years.
To summarize, the evaluation for net realized economic benefits is characterized by changes in the valuations based on market prices, relative to the next-best feasible alternative, subject to a 5 set of simplifying rules: "the 2005 rule" and "the 5-year rule." The net economic benefits are estimated using life-cycle costs or benefits, including the life-cycle costs or benefits over the entire future life of all installations. Methodologically, the NRC committee adopted procedures in which net benefits on a per-installation basis were either estimated and multiplied by the estimated number of new installations; or alternatively, summed estimated economic benefits over installations, if they were of substantially different scales. All estimates were further subject to a set of simplifying assumptions. As stated by the NRC, those assumptions include:
-No estimation of cross-sector or macroeconomic benefits -Use of 0% discount rate (inflation adjustment only) -Advancement of a technology into the market by five years as a result of DOE investment -Inclusion of benefits from technology introduced into the market within five years of the date of the study
We review the impact of the assumptions of discount rate, advancement of a technology into the market, and inclusion of benefits limited to technology introduced within five years (the 5-year rule). We leave discussion of the cross-sector and macroeconomic benefits, as well as discussion of assumptions for evaluation of options and knowledge benefits, to a future paper.
A. Discount rates
Public research and private research differ based not only on their source of funds, but also by expected returns. For instance, in the private sector, research is targeted to produce a return that pays back the R&D investment through increased sales and profit. Shareholders demand overall returns that match the expectation of the company performance; and if return expectations are not met, shareholders will abandon their interest, lowering access to capital and forcing the company to gamble on achieving a breakthrough or to retrench and focus on core competency. This relationship is uniquely described in the context of the expected ROI for the company in question. The minimum expected return on investment, expressed as the discount rate, accounts for the time value of money. For private firms, discount rates are determined by the weighted average cost of capital. Corporate discount rates are unique based on the fact that in a competitive marketplace (where capital is very mobile), the cost of capital and expected returns on investment are sector and corporation specific. In general, private-sector investments require relatively high rates of returns (i.e. 20% to 25%) over relatively short periods of time (i.e. twofive years). There is generally little interest in investing in long-range technologies or processes without assurance that market dominance can be obtained and preserved (or protected). Good examples include patents in medicines or guaranteed contract arrangements such as those available with the military.
To highlight the role of discount rate, we offer an example of applying different discount rates (below) and demonstrate that the application of different discount rates significantly impacts the measure of economic benefits when applied with an NPV calculation.
Figure 1
shows results from a simplified model of net economic benefits as a function of discount rate, demonstrating the impact of this variable on outcomes. The model calculates NPV using average innovation and imitation values for the Bass diffusion model, 12 correlating to approximately 20-year diffusion to full market penetration and assuming a 40:60 industry cost share of R&D. In comparison to the OMB specified discount rate of 7%, discount rates of 15% and 20% reduce the NPV estimate by 47% and 63%, respectively. Other studies have provided methodologies for calculating the social return on investment in contrast to applying a discount rate or set of rates to NPV methodologies. For example, a recent review by Scott et al reports rates of return to public R&D ranging from 20% to 67% across a broad range of technologies and time frames. 13 More recent microeconomic analysis of National Institute of Standards and Technology (NIST) Advanced Technology Program economic benefits, as published by Tassey, indicate social rates of return ranging from 30% (manufacturing standards) to 1,000% (standard reference materials for sulfur in fossil fuels). 8 The application of discount rates to public-sector analysis may be appropriate, but is complicated by the difficulty of choosing a discount rate that reflects the responsibilities of the public sector. While financial markets lead to private discount rates, choosing a discount rate consistent with responsible government deficits, environmental protection, natural resource stewardship, and intergenerational welfare is extremely difficult.
Impact of Discount
Utilizing NPV calculations as an evaluative tool for realized economic benefits, positive discount rates reduce the net benefits that accrue in future years while more heavily weighing the costs of near-term investments in research. As a result, expensive, long-term R&D would likely have a negative NPV. Each benefit stream (economic, environmental, or security) may be separately 7 calculated and discounted if an agreed upon set of metrics and discount rates were available. In the absence of such a set of metrics, the NRC study specifically chose to not discount costs and benefits; separated economic, environmental, and security benefits; and allowed for qualitative assessment when necessary.
In addition to NPV and ROI analyses, the literature includes analyses of public research using production function modeling. Estimates of the discount rate for R&D capital stock (e.g. knowledge) as used in production function analysis are low or even zero, 14 with one group arguing for a rate up to 10%. 15 However, many of the public benefits associated with fundamental R&D are commonly ignored in evaluating net economic benefits with microeconomic tools-such as those used by the NRC committee-due to the added complexity, and thus analyses tend to understate the measure of public benefits. Vonortas and Lackey have recently argued that a number of methodological improvements are available to "greatly enhance formal assessments of strategic, long term R&D projects". 16 We leave a description of these methodologies for future work.
B. Time frame for measuring returns on investment
As stated above, the NRC committee made simplifying time-frame assumptions for the microeconomic evaluation methodology they employed:
1. The DOE R&D or demonstration program advanced the introduction of new technology into the market by five years.
2. Realized economic benefits should include the results of the life-cycle operation of all capital stock using the technology that has been installed through the year 2000 and that is projected to be installed through 2005 (the 2005 rule).
We evaluate the efficacy of these assumptions through assessment of peer-reviewed findings.
Advancement of technology introduction by R&D
First, we summarize the findings from the literature that have analyzed the impact of R&D investment on product introduction. Here, studies have approached the question of how long it takes a technology to be introduced into the market from a number of perspectives. First, research by Mansfield 17 on the impact of academic research on technology introduction found that average lag time between the most recent published academic research finding and first commercial introduction over seven industries was 7 years. His findings are consistent with those Moreover, Mansfield reported a range of lag time from 4.2 years (instrument sector) to 9.8 years (metals) and that industry believed substantial delays of 9 years (or more) would have occurred in technology introduction without academic research in which such research played a significant role in technology development. However, to accurately account for the cost and benefits of public R&D investment, the incubation time from the onset of R&D to technology introduction should be between the first public-supported research finding in the area that leads significantly toward the product and the time of the private-sector commercial introduction, rather than between the most recently published research finding and commercial introduction. Such a modification would change the point of departure from the final engineering of the technology to the initial invention of the enabling science and technology.
In addition to the work of Mansfield and Gellman, analysis of 30 product-development and market sales cycles over 150 years was performed by Agarwal and Bayus, 19 in which they conclude that average time from invention to "sales takeoff" (accelerating market penetration) is more than 42 years. That is, the length of time from invention to measurable market penetration-without accounting for any fundamental R&D that preceded the specific product invention-is 42 years, across a broad range of consumer products. They based their estimate of the year of invention on several published sources 20 and analyses; 21 which, in general, defined invention as the year of the most recent patent, not the first patent or publication of fundamental technology. Their analysis is summarized in Figure 2 . 
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The further measure of the gestation time for fundamental R&D is also significant relative to any measure of advancement of technology into the market by public R&D of fundamental technology. Several metrics exist to measure the effectiveness of R&D as a function of timefrom-research, including citation trees and patent citation temporal studies, but do not quantify impact on temporal change of product introduction. In the energy field, previous studies indicate that the research-market pipeline may be particularly long compared to other sectors.
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The research of Agarwal and Bayus also suggests that the number of firms commercializing a technology impacts the time to sales takeoff. They postulate that sales takeoff is caused by outward shifting supply and demand curves; and that firm entry not only affects supply-but also demand-for the product because product improvements, expanded distribution, and increased customer awareness result from increased marketing activities.
The fact that the time between invention and commercialization can be of great length demonstrates that implementation of the NRC 5-year rule can be problematic. In cases where commercialization has yet to occur-as in multiple cases in the NRC study-economic benefits are not counted or estimated although substantial future benefits may or are expected to occur. 
Diffusion time for technology market penetration and implications for measurement of economic benefits of public R&D
Product introduction into the market has been examined in depth. The fundamental diffusion model as introduced by Bass in 1969 includes two primary factors that characterize the market penetration of a given invention: innovation and imitation. 9 The innovation coefficient, p, characterizes the rate of early adoption; and imitation coefficient, q, characterizes the rate of majority adaptation. Analysis by Sultan, Farley, and Lehmann for more than 200 product innovations indicates average values of 0.03 for p and 0.38 for q. 25 However, more significantly, the standard deviation of p and q are 0.03 and 0.35. That is, use of average values for any specific technology is not statistically justified. The variance in the values of p and q, in effect, indicates that product diffusion occurs as short as a few years for products like cellular telephones, and longer then 50 years for compact fluorescent lightbulbs; and that utilization of a single value for multiple technologies or in different industry sectors will lead to misleading results.
In Figure 3 , market-penetration curves are derived for the minimum, average, and maximum values of p and q using the Bass model. Time to maximum market penetration varies from seven years for minimum values of p and q to more than 300 years for maximum values of p and q, as reported by Sultan, Farley, and Lehmann. Examples of the heterogeneity of market-penetration rates for a sample of energy-sector technologies are summarized by Elliot et al. 26 As shown in Figure 4 , the range of times to 90% of maximum market penetration for the reported technologies is from 10 years to more than 50 years. As detailed above, the results by Sultan et al indicate a range of penetration times (measured to 90% of maximum market penetration) from 7 years to more than 350 years, with an average of 17 years.
The market structure may also impact technology penetration rates (e.g., monopoly structures could be argued to either accelerate or retard penetration rates compared to oligopolies or commercial markets). The technologies reported by Elliot et al represent a mix of market structures and do not necessarily compare with the breadth of product/market combinations reported in other studies. Moreover, specific independent analysis of the impact of market structure on penetration rates has not been previously codified for the energy sector. Nonetheless, the results available to date suggest that fundamental technology (funded by the public sector) penetration in the energy sector most likely occurs on a longer time scale than that stipulated by the NRC "2005 rule"; and, accordingly, accrual of net economic benefits should be based on units sold over a longer period of time from the date of the study. Further, evaluation of diffusion rates in sectors that have long-lived infrastructure, and for fundamental changes in technology use in various sectors, has been published by Grubler.
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Analysis of more than 265 diffusion processes in the United States indicated a mean value for time to market penetration from 10% to 90% (∆ t) of 41 years. Half of the diffusion processes had ∆t of fewer than 30 years, and 7% of the processes had ∆t of more than 100 years. As an example, Figure 5 shows the shares of total primary energy in the United States supplied by different fuels (top panel) and estimates for the consumption of major primary fuels worldwide (bottom panel). Here, major changes in energy fuel supply occur on the order of a century. Fundamental inventions would accordingly accrue net benefits through the technology cycle that is on the order of 100 years. According to Grubler:
As with the evolution of particular technologies and infrastructures, the diffusion of energy sources follows a similar pattern. The market share of a fuel expands initially slowly as gradually expanding niche markets are filled; a more lengthy process of pervasive diffusion follows, eventually saturating and declining as a superior competitor enters and diffuses. Despite the simultaneous competition and interaction among many different sources of energy, each historical period is characterized by a clear dominance of a single energy source, which corresponds with the main technological clusters: fuelwood (and feed), followed by coal, and later by oil and natural gas. The rates for diffusion also correspond: all of the major fuels (wood, coal, oil, gas) required a century to achieve their ultimate saturation. The time constant for nuclear is not yet evident because it has low market share. From analysis of historical data, Grubler drew the following conclusion: "It is impossible to determine-from theory or statistical analysis of historical data-exactly what rates (∆ts) will prevail in particular circumstances". 7 This, more significantly, does not take into account R&D and product-development time. The findings of Agarwal and Bayus and Grubler report on sequential time periods for product invention, commercialization, and penetration, respectfully, and thus may be added to provide an assessment of time from invention to mature market penetration. Using average values from the literature-excluding preceding R&D-the time from invention to market penetration of 90% is about 80 years, with a range as low as 20 years and as high as two centuries for long-lived infrastructure technologies.
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The peer-reviewed literature supports the conclusion that technology cycles vary widely, and the time for complete market penetration of a given technology may be a few years to decades depending on market barriers and stock turnover. Consequently, the peer-reviewed literature supports the conclusion that use of a simplified method or uniform time frame that limits the measurement of prospective economic benefits to a given technology to five years would lead to erroneous results.
Implications and Case Examples
Any rule rigidly applied to new and innovative technologies may miss fundamental interrelationships involved in the market entry. The NRC simplifying "rules," as specified in their 2001 report, likely will result in estimated net economic benefits that are less than their actual values.
One of NRC's own case studies illustrates how government R&D also may be necessary to address technology barriers in areas where industry efforts failed to produce the critical outputs and also shows the difficulty of the use of the simplifying rules. For example, lost-foam technology is used in metal casting as an alternative to sand casting. As noted by the NRC committee, the lost-foam technology was invented by the private sector in the 1950s. And industry, including large manufacturers such as General Motors, tried to solve the technical problems and failed. DOE funded R&D on lost-foam technology from 1989 through 2001 as part of an industry consortium in which DOE matched industry funding one-to-one. By the mid1990s, technical problems had been solved and the technology quickly began market penetration. Significant energy savings have been realized and DOE received strong support from the consortia members. However, it is unclear how the simplifying rules could be applied in this case and lead to meaningful results.
Impact of advancement of market penetration and time to market maturity
In a recent unpublished paper at NREL, Norland 27 uses an analysis of a hypothetical technology and the impacts of applying the NRC "rules" under different conditions including (a) the number of years the technology is advanced in its market penetration by public investment, compared to the counterfactual case of only private-sector investment, and (b) the number of years it takes the technology to reach its maximum market share for annual sales.
The analysis uses the following assumptions:
• The technology has a useful life of 30 years.
• The technology entered the market in 1990.
• The technology takes 20, 30, 40, or 50 years to reach maximum annual sales.
• The year of analysis is 2005; the last year of including units sold in estimating net economic benefits using the NRC rules is 2010.
• The impact of the government R&D program is to shift the number of units sold forward in time.
• The acceleration of product introduction by government R&D is 5, 10, 15, or 20 years. 14 Norland's conditions are consistent with the NRC committee assumption that per unit sales were the same for the cases of public and five-year-later private sales. This assumption implies that market penetration rates may be different if the underlying market is changing. Figure 6 shows the relative net economic benefit compared to the case defined by the NRC rules as a function of years of advancement for a number of data sets representing different time to maximum market penetration. For example, for a technology with maximum sales penetration in 20 years-where public-sector R&D advanced the technology into the market five years earlier than the case of only private-sector funding-the application of the NRC rules results in underestimation of the net economic benefits by 15%. As the advancement of the technology into the market increases, the application of the NRC rules would underestimate the net economic benefits by greater amounts: 58% underestimation in the case of 10 years advancement and 78% in the case of 20 years advancement (this applies to a technology with a time to maximum sales of 20 years and the assumptions stated above).
Impact of R&D Acceleration
The impact of the application of the NRC rules as a function of the time for maximum market sales is shown for values of maximum sales of 20, 30, 40 and 50 years (representing the 20 years faster market penetration than found by Grubler, on average, and 10 years longer). Here, the application of the NRC rules, assuming the NRC 5-year advancement rule, results in underestimation of the net economic benefits of 15% to 67% for time to maximum sales of 20 years and 50 years, respectively. For all cases, the application of the NRC rules underestimates potential benefits, ranging from 15% to 91% depending on the specific case.
Impact of time frame for estimation of economic benefits
The NRC committee assumed that net benefits are associated with units sold up to five years from the date of the study, the "5-year rule". Peer-reviewed literature and specific case studies of energy technologies indicate that technology penetration may take many decades. As illustrated by the lost-foam case, it is unreasonable to assume the private sector will develop and successfully introduce alternative technology into the marketplace in the absence of public R&D. Further, Tassey has argued that measurement of net economic benefits of a fundamental technology accrue throughout the complete technology life cycle. 8 To illustrate the impact of the application of the "5-year rule," we calculate the impact of changing the eligible time for estimating net economic benefits based on units sold from five years to 15 years. Using average market-penetration values for the Bass Model-and assuming early market penetration, similar net economic impact per-unit sales, and no discounting-increasing the time that units sold contribute to the estimation of net economic benefits from five years to 15 years results in an increase in net economic benefits of 293%. Accuracy of the estimation of net economic benefits is strongly dependent on the time allowed for contributions to be included, as well as the useful life of those units, and must include accurately determining the start time (year) of the study. For example, the lost-foam case illustrates where defining the start date in the 1950s would lead to significantly different results compared to defining the start date in 1989, the initial year of DOE funding. Agreement on a standard definition for the start time, as well as the availability of reliable data, are necessary for performing and comparing net economic benefit estimates.
Conclusions and Recommendations
Our review of the literature does not point to one rule or set of criteria that can be applied uniformly in estimating net economic benefits. Research suggests that the uniform application of a set of rules may lead to erroneous results as well as interpretation by analysts, program managers, and policy makers. The use of simplifying rules such as those employed by the NRC committee would be inappropriate for R&D portfolio planning; where other methodologies such as scenario planning, decision-tree analysis, and real options allow for improved assessment of net economic benefits from R&D investments. Using literature data (on average) excluding preceding R&D, the time from invention to market penetration of 90% is about 80 years, with a range as low as 20 years and as high as two centuries for long-lived infrastructure technologies; and, thus, this data indicates any arbitrary cutoff to the evaluation interval would severely underestimate benefits and undervalue investment. Finally, while there is reasonable evidence in the literature that public R&D provides significant social return on investment, there is still no consensus on the impact of public R&D on the advancement of a technology into the market, the time required for a technology to penetrate the market to a certain point, discount rates for public benefits, or methods for quantification of public goods.
From an econometric perspective, considerations for the development of an alternative approach call for the use of valid data through a complete R&D and technology cycle. This may range from years to decades depending on stock turnover. Valid projections of market penetration may be obtained by statistical analysis of early market data using advanced modeling techniques. Statistically validated data for similar technologies in the same industry sector may offer valid insights into acceptable market acceleration.
Considerations for revised methodologies include use of independently verified case-specific information for (i) the initial year of analysis (ii) the time of advancement of a technology into the market by public R&D and (iii) the time for accrual of benefits based on the use of technology-specific data when available. In the absence of technology-specific data, the use of sector data may be a reasonable proxy, including advanced forecasting techniques for technologies in the early stages of market penetration.
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Further, while not reviewed in detail in this paper, best practices economic modeling suggests that revised methodologies should use appropriate discount rates, employ scenario analysis, and apply options analysis to assess potential risk and uncertainty impacts. 30 Finally, estimation models should incorporate the use of sensitivity analysis to evaluate the robustness of the approach and model. 30 Scenario analysis allows one to capture the probability distribution of nondeterministic variables. The use of Monte Carlo techniques allows for the evaluation of multivariable analysis and provides probabilistic bounds to estimates of net economic benefits. Real Options theory accounts for uncertainty of the outcome and irreversibility of committed resources and is argued to more completely capture the full value of an investment opportunity (see Ref.
2).
